Introduction
Although chest compressions (CC) are an infrequent event in newly born infants (~0.08% for near-term and term deliveries) 1, 2 , outcome studies of delivery room resuscitations have reported high rates of mortality and neurodevelopmental impairment in those infants receiving CC or epinephrine 1, 2 . The poor prognosis associated with receiving cardiac compressions alone or with medications in the delivery room raises questions as to whether improved cardiopulmonary resuscitation (CPR) methods specifically tailored to the newborn could improve outcomes 3 .
Current resuscitation guidelines recommend 3:1 Compression:Ventilation (C:V) ratio, however the most effective C:V ratio in newborns remains controversial 4 .
Antegrade blood flow during CPR can be achieved by either direct cardiac compression between the sternum and vertebral column or increased intrathoracic pressure produced by CC alone 5 . Animal studies and human randomized trials have demonstrated that continuous CC without rescue breaths increase return of spontaneous circulation (ROSC) and survival after sudden cardiac collapse 6, 7 . However, in newborns when cardiac arrest is due to asphyxia the combination of ventilation and CC is necessary to achieve ROSC 6, 8 .
Furthermore, maneuvers that raise the intrathoracic pressure can dramatically increase carotid blood flow during CPR further augmenting antegrade blood flow 9, 10 . Chandra et al.
combined ventilation at high airway pressure while simultaneously performing CC in an animal model and demonstrated increased carotid flow, without compromising oxygenation 9 . Further, animal studies have demonstrated that a sustained inflation (SI) also increase intrathoracic pressure without impeding blood flow 11 . However, no study has been carried out to examine whether combined simultaneous CC and SI will increase intrathoracic pressure to improve blood flow, resulting in increased ROSC and survival. We hypothesized that the use of SI during CPR Antegrade blood flow during CPR can be achieved by either direct cardi iac a ac c c com m mpr pr pres es essi si sion on between the sternum and vertebral column or increased intrathoracic pressure produced by CC al lon on ne e 5 5 5 .
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by guest on April 13, 2017 http://circ.ahajournals.org/ Downloaded from would reduce the time needed to achieve ROSC. In addition, we also compared to the hemodynamic recovery and survival between SI and CC and 3:1 CPR.
Methods
Twenty newborn mixed breed piglets (1-4 days of age, weighing 1.6-2.1 kg) were obtained on the day of experimentation from the University Swine Research Technology Centre. All experiments were conducted in accordance with the guidelines and approval of the Animal Care and Use Committee (Health Sciences), University of Alberta. A graphical display of the protocol is presented in Figure 1 .
Randomization
Piglets were randomly allocated to sham-operated, 3:1 or SI groups. Allocation was block randomized with variable sized blocks (2 to 4) using a computer-generated randomization program (http://www.randomizer.org). A sequentially numbered, sealed, opaque envelope containing the allocation was opened before the start of the experimental protocol.
Animal preparation
Piglets were instrumented as previously described with some modifications 12, 13 . Briefly, following the induction of anesthesia, piglets were intubated via a tracheostomy and pressurecontrolled ventilation (Sechrist infant ventilator, model IV-100; Sechrist Industries, Anaheim, CA) was commenced at a respiratory rate of 16-20 breaths/min and pressure of 19/4 cmH 2 O.
Oxygen saturation was kept within 90-100%, glucose level and hydration was maintained with an intravenous infusion of 5% dextrose at 10 mL/kg/h and a 0.9% NaCl at 2 mL/kg/h, respectively. During the experiment anesthesia was maintained with intravenous propofol 10 mg/kg/h and pancuronium 0.05-0.1 mg/kg/h. Additional doses of propofol (0.5-1 mg/kg) and
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Respiratory parameters
A respiratory function monitor (Respironics, Philips, Andover, MA) was used to continuously arterial press sur ur ure e e (M (M MAP AP AP), ), ) h hea ea ear r rt t t ra ra ate te te, pe p p rc rc rcut ut utan an aneo eo eous us u o o oxy xy xyge ge en n n sa sa satu tu tura ra rati ti tion on n, , PA PA PAP, P, P, C C CVP VP VP w w wer er ere e e me m asured measure tidal volume (V T ), airway pressures, gas flow, and exhaled CO 2 (ECO 2 ). The combined gas flow and ECO 2 sensor was placed between the endotracheal tube and the ventilation device.
V T was calculated by integrating the flow signal. ECO 2 was measured using non-dispersive infrared absorption technique. According to the manufacturer the accuracy for the gas flow is ±0.125 L/min and for ECO 2 ±2 mmHg. Respiratory function data were only recorded in 12 asphyxiated piglets (six in each group) due to a malfunction of the respiratory function monitor.
Experimental protocol
Piglets were randomized to receive either coordinated CPR with 3:1 ratio or CC during continuous SI (Figure 1 ). All piglets were exposed to 45-minute normocapnic hypoxia. Hypoxia was followed by an asphyxia period until heart rate decreased to 25% of baseline, which was achieved by disconnecting the ventilator and clamping the endotracheal tube. 15 seconds after heart rate reached 25% of baseline positive pressure ventilation was commenced for 30 seconds with a Neopuff T-Piece (Fisher & Paykel, Auckland, New Zealand). The default settings were a peak inflating pressure of 30 cmH 2 O, a positive end expiratory pressure of 5 cmH 2 O, and a gas flow of 8 L/min. CCs were performed using the two-thumb encircling technique by a single operator (GMS) in all piglets. Piglets were positioned supine during CC. A Metronome was used to achieve the targeted CC rate. After 30 seconds of CC, 100% oxygen was commenced.
Epinephrine was administered if no increase in heart rate or ROSC was observed despite adequate ventilation and CC. At 1 minute after CC were commenced, epinephrine (0.01 mg/kg per dose) was given intravenously and then every minute as needed to a maximum of 4 doses.
ROSC was defined as an increase in heart rate >150/min for 15 seconds. After ROSC piglets were allowed to recovery for four hours before the piglets were euthanized with an intravenous overdose of phenobarbital (100 mg/kg). The sham-operated group was randomized to the same was followed by an asphyxia period until heart rate decreased to 25% of baseline ne e, , wh wh w ic ic ich h h wa wa was s s achieved by disconnecting the ventilator and clamping the endotracheal tube. 15 seconds after he ear ar art t t ra ra rat te te r r rea ea e c ched ed 
Sample size and power estimates
Our primary outcome measure was CPR time to achieve ROSC. Previous observational data showed a mean ±standard deviation ROSC of 180±25 seconds. We hypothesized that the use of SI during CPR would reduce time to achieve ROSC. A sample size of 16 piglets (8 per group) was sufficient to detect a clinically important (33%) reduction in time to achieve ROSC (i.e. 180 sec vs. 120 sec), with 80% power and a 2-tailed alpha error of 0.05.
Data collection and analysis
Demographics of study piglets were recorded. Transonic flow probes, heart rate and pressure 
Results
Twenty newborn pigs were randomized to the 3:1 group (n=8), to the SI group (n=8), and shamoperated group (n=4). There were no differences in baseline parameters between the groups ( 
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Hemodynamic parameters during chest compressions
PAP and MAP were significantly higher in the SI group compared to the 3:1 group during CPR (Table 2) . However, no difference in CVP or MAP/PAP ratio among groups was observed.
Cardiac output as a reference for recovery was significantly increased in the SI group compared to the 3:1 group (47±27% vs. 14±23% of normoxic baseline, respectively, p<0.05). Figure 4 summarizes changes in PA and regional blood flows during the first 5 minutes after CPR was commenced. The piglets in SI group had better systemic and regional hemodynamic recovery with significantly faster recovery of both PA and common carotid blood flows in the SI group than the 3:1 group (p<0.05) (Figure 4) .
Respiratory parameters during chest compressions
V T was significantly higher in the 3:1 group vs. SI group (Table 3) . However, compared to the 3:1 group, the SI group had a significant increase in minute ventilation, secondary to a two-fold increase in the number of inflations per minute ( Table 3) . ECO 2 , peak inspiratory flow, peak 93) CC/minute (p<0.001), respectively. inflation pressure and positive end expiratory pressure were significantly higher in the SI group during CC (Table 3) .
Hemodynamic parameters during chest compressions
PA
Hemodynamic parameters during recovery after CPR
In the 3:1 group, 3 piglets survived to the end of experimentation (4 hours after CPR commenced) and had lower cardiac output compared to the sham-operated piglets ( Table 4) . The common carotid arterial and SMA, but not renal, blood flows and MAP of both SI and 3:1 groups were lower than those of sham-operated group ( Table 4) . The heart rate, PAP and CVP
were not different among groups ( 
Discussion
Current resuscitation guidelines recommend 3:1 C:V ratio, however the most effective C:V ratio in newborns remains controversial 4 . Recent neonatal piglet cardiac arrest studies compared various C:V ratios (3:1 vs. 9:2 vs. 15:2) and did not report any difference in ROSC, mortality, oxygen delivery, hemodynamics or epinephrine administration 15, 16 . In addition, current resuscitation guidelines recommend 120 events per minute, which compromises 90 CC and 30 inflations 4 . A recent mathematical study suggests that the most effective CC frequency during CPR depends upon body size and weight 17 . For newborn infants, CC rates >120/min may be more beneficial and improve survival 17 . To our knowledge, no study has examined the differences of CC during SI and compared this to the current standard of 3:1 C:V ratio. In the current study, we delivered 120 CC/min during SI, which passively delivered an adequate V T .
The results of this study can be summarized as follows: i) CC with SI significantly reduced time mmol/L, respectively.
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C C Cur rr rrent resusc cit ita a ati io on n gu gu guid id idel el elin in ine es es r rec ec e om om omm m mend d d 3 3 3:1 C C C:V V r ra rat ti tio, o, h ho ow owe ev ever er t the h h m mos os ost t ef effe fe ect ct ctiv iv ive e C: C: C:V V ra ra at tio n n n n new ew wbo bo b rn rn ns s s re rem m mai in ins s c co cont nt n r rov ve vers rs sia ia ial l l 4 to ROSC, mortality (Figure 3) , epinephrine administration, and improved systemic and regional hemodynamic recovery (Table 2, Figure 4) ; ii) minute ventilation, and therefore alveolar oxygen delivery, was significantly increased in the SI group (Table 3) ; iii) CC during SI forced V T out of the chest, and the passive chest recoil allowed air to be drawn back into the lungs ( Figure 2B) . We speculate that i) a significant increase in MAP (and therefore possibly higher coronary artery pressure) ( Table 2) , ii) faster recovery of systemic and regional blood flows (Figure 4) , and iii) increased minute ventilation, and therefore increased alveolar oxygen delivery (Table 3) , may have contributed to the improved survival.
Mechanisms to generate systemic blood pressure and blood flow include "cardiac pump theory" and "thoracic pump theory" 9,10,18-21 . The "cardiac pump theory" postulates that direct cardiac compression ejects blood into the circulation 22 , where as the "thoracic pump theory"
states that antegrade blood flow is a result of phasic increases in intrathoracic pressure 5, 9, 23, 24 . In the current study, continuous CC during SI significantly improved PAP, MAP, cardiac output and regional blood flow to the brain, kidneys, and intestines. Our results are supported by other large animal studies, which have demonstrated that simultaneous CC and ventilation generates higher intrathoracic and vascular pressure, and enhances myocardial and cerebral perfusion 9, 10, 19, 20, [25] [26] [27] . Similar observations in regards to increased blood pressure and carotid blood flow during simultaneous CC and ventilation have been reported in a human trial 10 . In contrast, interrupting CC to deliver manual inflations resulted in substantial decreases in the aortic diastolic pressures and coronary perfusion pressures 24 . Interestingly, studies in infant piglets were unable to demonstrate an increase in intrathoracic pressure or enhanced myocardial and cerebral perfusion during uninterrupted CC 21, 28 . However, our model differentiates substantially from Berkowitz and Hou 21, 28 . Berkowitz and Hou delivered 60 CC/min in addition heory" and "thoracic pump theory" 9,10,18-21 . The "cardiac pump theory" postulat te e es t t tha hat t di di dire re rect ct c cardiac compression ejects blood into the circulation 22 , where as the "thoracic pump theory" t tat at tes e es t t tha ha hat t t an an a t t tegr gr rad ad ade e blood flow is a result of ph has as a ic c c increases in in in ntrat atho ho hor racic pressure t 5, 9, 23, 24 . In Chandra et al. used total airway occlusion during CC to significantly increase carotid blood flow 9 . In the current experiment we applied sustained inflations, which have been shown to increase intrathoracic pressures. In addition, animal experiments demonstrated the delivery of a SI achieves uniform lung aeration and does not adversely affect cardiac output and cerebral blood flow and stabilizes neonatal cerebral oxygen delivery 11, 29 . Furthermore, a recent study in near-term asphyxiated lambs reported that a single SI of 30 seconds immediately after birth improved the speed of circulatory recovery and lung compliance 29 . We combined continuous CC with SI to maximize the increase in intrathoracic pressure, which significantly improved minute ventilation, regional and systematic hemodynamics. Improved lung aeration results in marked delivered. The V T in our study was potentially limited to the force used to delive ve er CC CC CC. . Cu Cu Curr rr rren en e t t esuscitation guidelines recommend 120 events per minute, which compromise of 90 CC and 30 n nfl fl lat at atio io ions ns. In In In t the e S S SI I group, we used 120 CC/min, n, n wh which may have e e con ntr tr trib ib ibuted to the increased u urv v viv i al and imp mp pro o ove ved d d he he hemo mo mody dy dyna nami mi mic c pa pa param m met t ters. . I In n add dd ddit itio io on n, n, a an n nim ma mal l s s stu ud die ie es s h ha have ve e d d dem em mon on nst str ra rat te ted h hat at at a a any ny ny m man an aneu euv ve er r r wh wh hic ich h h in i cr cr crea a ase se ses s s i in intr tr rat at tho ho hor ra r c c cic ic i p p pre re ess s sur ur re e e c ca can n n in in i c cr crea ea ease se ca ar arot ot tid id i b b blo lo ood od od f fl lo ow w w 9,2 9,27 7 .
Chandra et a al. l. . u u use se ed d d to to t ta ta t l l l ai i irw rw rway ay y o o occ cc cclu lu l si si ion on on du du duri ri r ng ng ng C C CC C C to o o s s sig ig gni ni nifi fi fica ca cant ntly ly ly i i inc nc ncre re reas as a e e ca ca caro ro roti ti t d d d blood increases in pulmonary blood flow 11 . An increase in oxygenated blood flow returning from the lungs restores cardiac function, resulting in increased coronary perfusion and cerebral blood flow during resuscitation 11, 29 . Furthermore, we did not observe any impairment of venous return or an increase in vascular shunts ( Table 2) .
The current resuscitation guidelines recommend a C:V ratio of 3:1, suggesting that CC are interrupted after every 3 rd CC to deliver one inflation (Figure 2A) , which would result in a decrease in intrathoracic pressure 5 . The purpose of inflations during CPR is to deliver an adequate V T to facilitate gas exchange. In addition, each inflation increases intrathoracic pressure which augments antegrade blood flow 5 . Recent studies measuring respiratory function in the delivery room demonstrated that V T in the initial stabilization period varies considerable in newborn infants 30, 31 . However, no study has measured the delivered V T during neonatal CPR to understand the effect of CC on lung aeration and V T delivery. In the current study, we demonstrated that air is forced out of the chest during CC, and an adequate V T is delivered during the passive chest recoil and ( Figure 2B) . Figure 2B clearly demonstrated that when CCs are performed during SI air moves in and out of the chest. In this model, rescue breaths were not delayed as previously described in adults or adult models 7 ; instead ventilation was passively achieved during CC. This is a novel finding which has not been reported previously. The current resuscitation guidelines recommend 30 inflations per minute compared to the 120 inflations per minute employed in the current study. Our approach increases the number of inflations per minute by a fourfold, thus resulting in significantly increased in minute ventilation. In addition, ECO 2 was significantly increased in the SI group, indicating increased alveolar ventilation, pulmonary perfusion (right cardiac output), and CO 2 production due to metabolism 32, 33 .
Administration of 100% oxygen is recommended during CPR and can be reduced once delivery room demonstrated that V T in the initial stabilization period varies cons si id ider er erab ab ble le le i i in n n newborn infants 30, 31 . However, no study has measured the delivered V T during neonatal CPR to un nde de ders rs sta ta tand nd nd t t the h h e eff ff ffe ec ect of CC on lung aeration and d d V V T T delivery. In th th the cu cu urr rr rren e t study, we an adequate heart rate and oxygen saturation is achieved 3 . However, concerns have been raised about the potential adverse effects of increased fraction of inspired oxygen within the first 6 hours of life in newborns treated with therapeutic hypothermia [34] [35] [36] . In the current study, only 3/8 piglets in the SI group required 100% oxygen during CPR compared to all 8/8 piglets in the 3:1 group. This is of important clinical relevance because hyperoxia slows cerebral blood flow, and can lead to the generation of oxygen free radicals, a major cause in reperfusion injury after asphyxia 37 .
Animal studies during asphyxia-mediated arrest have demonstrated that epinephrine increases systemic vascular resistance, coronary artery perfusion pressure, and blood flow to the myocardium 38 . However, the optimal dose and route to administer epinephrine in newborn infants remains controversial 4 . In the current study, no piglet in the SI group required epinephrine compared to 7/8 in the 3:1 group due to their fast ROSC. This is of considerable clinical relevance because we demonstrated that optimal ventilation is the key for successful Our use of a piglet asphyxia model is a considerable strength of this translational study because this model closely mimics delivery room events with a gradual onset of severe asphyxia leading to bradycardia. However, several limitations should be considered before general application of simultaneous CC and SI in future clinical neonatal resuscitation trials. The current myocardium 38 . However, the optimal dose and route to administer epinephrine in in n n new ew e bo bo born rn rn nfants remains controversial 4 . In the current study, no piglet in the SI group required ep pin in nep ep ephr hr hrin in ine e e c c comp mp mpa ar ared to 7/8 in the 3:1 group due ue ue to o o their fast RO OSC S S . Th Th Thi is is of considerable cl lin n nic ical relevan anc ce e b b bec ecau ause se se w w we e d de demo mo mons nstr tra a ated d th h hat o o op pt tim m mal al l v ve e enti ti t la lat t tio on on i is s th he e ke ke key y y fo for r r su u ucc cces s ssf sf sful ul ul t e esu su susc sc cit it i at atio io on. n. n I It t i is is m m mos os st li li l ke k ly ly y t tha ha hat t t th th the e in in i cr cr crea ea ease e e i i in n in n ntr t a at atho ho hora ra raci i ic c c pr pr re ess ss ssur ur u e e e c ca caus us sin in ng g g si si ign gn gnif fi i ica an ant t ncreased PA AP, P, P M M MAP AP AP, , , PA PA P a a and nd nd r reg eg egio io ona n n l l l bl bl bloo oo ood d d fl fl low ow ws, s, s m min in nut ut ute e e ve ve vent nt ntil i at at atio io ion, n, n, a a as s s we we w ll ll l a a as s s hi hi high g g er oxygen n n model is one where the piglets have already undergone fetal to neonatal transition and piglets are sedated/anesthetized. In addition, piglets in our model were all intubated using a tightly secured endotracheal tube to prevent any endotracheal tube leak; this is different from clinical situation where mask ventilation may be frequently used. Nevertheless, our findings remain relevant despite these limitations, because the distribution of cardiac output in the fetus and posttransitional neonate during asphyxial episodes are qualitatively similar 32 . Further, in the current study the ductus arteriosus was ligated in all piglets, which to help ensure that cardiac output could be accurate assessed by PA blood flow. This is a limitation of translation to delivery room resuscitations as this method will contribute to decrease in vascular shunting. This warrants further studies using animal models with patent ductus arteriosus. Of note, giving 100% oxygen after 30 sec of CC and the administration of epinephrine at 60 sec after CC was started and continued every minute, are not in line with the current resuscitation guidelines 14 . This might have influenced our results, however piglets randomized to the SI group did not require a single dose of epinephrine compared to 7/8 in the 3:1 group to achieve ROSC. The current resuscitation guidelines recommend a peak inflation pressure of 20-25 cmH 2 O during positive pressure ventilation in the delivery room 4 , but higher opening pressures may be needed until functional residual capacity is established. In the current study, a peak inflation pressure of 30 cmH 2 O resulted in large delivered tidal volumes, which has been shown to cause lung injury to the premature lung 40 . As it is still unclear whether a SI during the transition is injurious to the lung, an examination for lung injury may have broadened the outcomes and significance of this study.
In addition, future assessment should include assessment of cerebral hemodynamics and brain injury.
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Conclusions
Simultaneous CC and sustained inflation during CPR in newborn piglets significantly improved ROSC and survival in a porcine model of neonatal resuscitation. This is of considerable clinical relevance because improved respiratory and hemodynamic parameters potentially minimize morbidity and mortality in newborn infants. Table 4 . Hemodynamic parameters of newborn piglets at 4 hours after cardiopulmonary resuscitation. by guest on April 13, 2017 
